In recent years, water-quality deterioration associated with rapid socio-economic development in the Lake
Introduction
In recent years, environmental issues associated with rapid economic development are becoming the most critical concerns facing both the national and local governments in China. Under the requirement of deepening economic development, as well as the rising public awareness of environmental issues, local authorities has been undertaking the enhanced stresses for effectively responding to these concerns. In general, the most reliable path for dealing with this dilemma is through designing effective environmental management regulations and policies for region-specific system. This decision-making given such complexes (Richardson and Pugh, 1981; Coyle, 1977; Wolstenholme, 1982; Randers, 1980; Wolstenholme and Coyle, 1983) . The method could effectively incorporate individual system components within a general framework and comprehensively analyze their interactions, which is very useful for providing holistic understanding of the environmental concerns, as well as the relevant policy responses for sustainability of the existing life-support system.
The SD method consists of dynamic simulation models which explicitly consider information feedbacks that govern the interactions in a system. Such models are capable of synthesizing component-level knowledge into system behaviour simulation at an integrated level. This capability has been very useful in analyzing and recommending policy decisions in management and social systems (Mohapatra et al., 1994) . Since the works on SD reported by Forrester (1961 Forrester ( , 1968 Forrester ( , and 1969 , the method has been applied to a number of environmental studies, such as naural resource management, energy system planning, environmental impact assessment, and solid waste management (Meadows et al., 1973; Naill et al., 1992; Vizayakumar et al., 1991 Vizayakumar et al., , 1993 Mashayekhi, 1993; Clemson et al., 1995) .
This study is an extension of the SD's application, focusing on the management of a large-scale environmental system. In detail, a SD model (named ErhaiSD) is developed for regional environmental planning and management in the Lake Erhai Basin, China, through examination of several policy scenarios and their socio-economic and environmental consequences.
Overview of the study area
The Lake Erhai Basin is located at 25°25'-26°10' N and 99°32'-100°27' E, within the jurisdiction of Yunnan Bai Nationality Autonomous Prefecture, China (Figure 1 ). It covers an area of 2565 km 2 . Lake Erhai has an area of approximately 250 km 2 , with an average depth of 10Ð2 m, and a storage volume of 28Ð2ð10 8 m 3 . In the basin, there are 117 rivers and streams that eventually drain into Lake Erhai. In its northern end, the runoff is collected in Lake Cibi, Lake Haixihai, and Lake Xihu which eventually drain into to Lake Erhai via the Mizu River, the Luoshijiang River, and the Yunganjiang River, respectively. In its west, there are 18 streams flowing from the Cangshan mountains to the lake. Also, several small streams drain into the lake from its eastern shore. There is only one river-the Xier River-flowing out of the lake.
The land in the study basin can be divided into several categories, including mountains, hills, alluvial plains, rivers, and lakes. As to land use, 14Ð5% is farmland, 44Ð7% is forest, 20Ð3% is grassland, 2Ð7% is human habitats, 0Ð5% is transportation, 9Ð5% is comprised of water bodies, and 1Ð8% is comprised of abandoned land.
The study area is one of the most developed regions in the Yunan Province. Lake Erhai plays a vital role in local economic development, with its water resources available for water supply, agricultural irrigation, fishery, tourism, and navigation. Major economic activities in the basin include agricultural and industrial production, net-cage fish culture, forestry, and tourism. Due to the rapid economic development and population growth in recent years, many environmental problems arose. At present, the main concerns include water pollution in Xier River due to industrial wastewater emission, eutrophication in Lake Erhai due to nutrient discharges from non-point pollution sources (e.g. urban and agricultural runoff, livestock husbandry, and in-lake fish culture), and soil erosion due to deforestation (Dali EPB, 1995) .
Due to the above concerns, a research project entitled 'Integrated Environmental Planning for Sustainable Development in the Lake Erhai Basin' was undertaken during [1996] [1997] [1998] , under the support of the United Nations Environmental Programme. This study is part of the project emphasizing on the development of a SD model for the planning and management of environmental system in the lake basin.
System complexity
Although the SD method deals with a system using an integrated approach, examination of individual subsystem is essential for this integration. Through this examination, interactive relationships among the subsystems can be clarified, and the embedded links among a number of system components can be identified. In this study, eight subsystems are considered, including population, agriculture, industry, tourism, water-resources, pollution-control, water-quality, and forest subsystems. Figure 2 shows interactions among various components in the subsystems. Any change in one component may lead to a series of consequences to and responses from the others. For example, industries can bring economic benefits through production and marketing of their products. However, they also consume raw materials from forest and agriculture subsystems, and discharge wastewater to the Xier River. Therefore, industrial activities are related to not only economic development but also a number of environmental and ecological concerns. As a consequence, an in-depth study of these complicated interactions is desired for formulating effective policies and regulations to protect the local environment under the rapid growth of regional economy.
System dynamics modeling
The concept of system dynamics In system dynamics, simulation is governed entirely by the passage of time and is referred to as 'time-step' simulation. Its essential idea is that the model takes a number of simulation steps along the time axis. At the end of each step, some system variables, which denote states of the system, are brought up to date for representing consequences ensued from previous simulation step. Initial conditions are needed to get the simulation to start the first time step. Other system variables, which represent flow of information and initiation of action, arise as results of system activities and produce the related consequences. In SD parlance, they are named as level variables and rate variables, respectively. They build up the mathematical basis of a SD model. The third type of variable is auxiliary variable, which means the detailed steps by which information associated with current system states (the levels) are transformed into rates to bring about future changes. It is important to realize that every variable in a SD model is calculated at each time step. These calculations either bring the system up to date or move it forward in time (Coyle, 1977 (Coyle, , 1996 .
An analogy for demonstrating these variables is a tank system with water flowing in or out. The water quantity in the tank is an accumulation of water over time. It will increase if net flow into the tank (i.e. inflow minus outflow) is positive, and decrease if net flow is negative. Thus, the inflow and outflow, which are rate variables, determine (control) the amount of water (representing a level variable) in the tank dynamically. An expected amount of water in the tank can be achieved by an appropriate adjustments of inflow and outflow. Similar analogy can be used in a socio-economic system. Population in such a system can be taken as a level variable. It is directly related to three factors, including birth rate, death rate, and net migration rate. These rate variables are significantly affected by local policies and regulations. The local authorities can adjust related decisions or policies for realizing desired population objectives.
A flow diagram is useful for showing physical and information flows. Normally, a firm line is used for a physical flow and a dotted line for an information flow. A level is conventionally denoted by a rectangle and a rate by a valve. The symbol:
represents sinks or sources. Often, the dependence of a rate upon a level is defined through a number of complex relationships. For clarity, each relationship can be further broken down into many simpler relations defined through intermediate auxiliary variables. Conventionally, these auxiliary variables are denoted by circles. They appear only in information flows. The flow diagram is developed based on the feedback information of interrelationships between causal variables and affected variables. The positive feedback means that the affected variable value increases as the causal variable value increases, and vice versa for the negative feedback. To quantify the dynamics of a system, information in the flow diagrams should be expressed as mathematical models. Many software packages (e.g. Professional Dynamo Plus) are available for carrying out this quantitative analysis. Figure 3 shows how a SD level equation is related to the system's dynamic variations. The three time points in the figure are labeled J, K, and L. The step from J to K is referred to as JK and that from K to L as KL. The duration between successive points is named DT. Therefore a level variable could be referred to as LEVEL.J, LEVEL.K, or LEVEL.L at a time point, and a rate would be RATE.JK or RATE.KL within a duration. In Figure 3 , the LEVEL increases from J to K because the RATE is positive between J and K. The amount that flows in is the rate of flow, RATE, multiplied by time DT. During each DT, the RATE can be approximated as 
The ErhaiSD model
The ErhaiSD model was developed through examination of interactions among a number of system components, production of flow diagrams that link different subsystems, and formulation of SD modeling equations using a PD (Professional Dynamo)-compatible language. The details of modeling for four major subsystems are described as follows, where definitions for the abbreviations of variables are provided in the Appendix. Figure 4 shows a flow diagram for the population subsystem. The Lake Erhai Basin contains a number of cities, towns and villages. Population in the basin is divided into four groups as follows: (1) In the above equations, UP was considered as a level variable. The birth rate of UP and the sum of PNM and AUP represent inflows into the non-agricultural population (UP); and the death rate of UP represents an outflow from the UP. They are all considered as rate variables. Therefore, UP at time TCDT equals UP at time T plus the net increased population during period DT. In the models, the death rate is assumed to have a direct relationship with environmental pollution.
Population subsystem

Industry subsystem
The main industrial sectors in the study system include textile, chemical fiber, pulp/ paper, food processing, cement, leather, and tobacco industries. 
In this subsystem, the net value for industrial fixed assets (IFA) is considered as a level variable. The rate variables include increased and depreciated values for the IFA (i.e. IFAR and IFAQ). Many interactive relationships exist among the system components, such as: (1) the theoretical total output value (TIO) for each industrial sector equals to the product of net value and production rate of its fixed assets. The actual total output value (PIO) is normally lower than the theoretical one due to the limitation of resources availability, such as shortage of crude materials and extra cost for transportation. Therefore, a limitation factor (REI) is used when calculating actual industrial output values. (2) The level of investment for fixed assets (IFQ) depends on the total investment for industry (IF) and the rate (percentage) of investment for industrial fixed assets (IFAC); (3) the rate of industrial investment (IFR), which defines the proportion of industrial investment to total output value, is related to the detailed industrial development plan. The IFR is related to a number of economic and environmental concerns and is considered to be an inlet for policy control. (4) Water consumption per unit of industrial output (IUWMP) is related to industrial technology innovations and water-conservation initiatives. It is also an inlet for policy control; (5) Water-recycling rate (RWR) is the proportion of recycled water to total water consumption. Currently, the RWR in the Lake Erhai Basin is relatively low. Industrial technology innovations could potentially improve the recycling. (6) Both industrial wastewater discharge rate (IPC) and COD emission per unit industrial output (ICODPM) vary with different industrial sectors.
Pollution control subsystem
Figure 6 presents a flow diagram for the pollution control subsystem. It focuses on wastewater generation, treatment and emission. The major variables considered in this subsystem include: (1) STC-This represents the proportion of wastewater treatment investment to total industrial investment per year. During 1990-1994, the average STC for the study system is 0Ð014 (Dali EPB, 1995) . (2) treatment capacity is higher than or equal to the amount of wastewater to be treated in the basin, 60% of the total STF will be invested for maintaining treatment facilities; conversely, all the STF will be invested for both maintenance and expansion (or new development) (Dali EPB, 1995) . (3) WPI-This defines the proportion of total COD discharge to total COD generation in the basin, which represents the potential level of water pollution. (4) LCODT-This defines total COD discharge from domestic sewage. It is related to population, domestic water consumption, and COD concentration in domestic sewage. (5) DTSW and TTSW-These represent the amount of wastewater to be treated and the amount of wastewater that has been treated, respectively.
Water-quality subsystem
The major environmental concerns in the basin include eutrophication in Lake Erhai due to nutrient loss from non-point pollution sources and pollution in the Xier River due to industrial wastewater discharge. The nonpoint pollution sources include farmland, mountains, in-lake fish culture, back-flowing irrigation water, and precipitation. Figure 7 presents a flow diagram for the water-quality subsystem.
In detail, nutrient loss from farmland and mountain sources is normally initiated through precipitation and then surface runoff. Due to spatial variations in precipitation, topography, and land use, the basin is divided into four sub-regions in terms of nutrient loss. The runoff depth coefficient (DPRWLH), which is defined as runoff depth per unit precipitation, is used for classifying the each sub-regions. In-lake fish culture can increase nutrient concentrations in the lake. The related factors include nitrogen (N) and phosphorus (P) concentrations in fish food, N and P release rates from fish food, percentage of fish food taken by fish, and amount of fish food applied. The majority of irrigated water is consumed by crops or exhausted by evaporation, evaporotranspiration, and percolation. Only 25% flow back to the lake. This back-flowing water contains high concentrations of nitrogen and phosphorus (Dali EPB, 1995) .
Verification and sensitive degree analysis
The developed ErhaiSD model was verified using the data of 1990-1994. The variables being examined include total population (TP), death rate (DR), birth rate (BR), total industrial output value (PIOT), net value of fixed industrial assets (IFAT), industrial output value per person (for non-agricultural population) (IOUPC), industrial water consumption (IWU), industrial wastewater generation (ISWT), industrial COD discharge (ICODT), irrigated farmland area (SPI), vegetable land area (SWV), orchard area (SGA), agricultural water consumption (AWU), and lake water level (WLHOS). Table 1 shows the verification results. Predictions for population, land use, agricultural water consumption, and lake level have low relative errors <3% , while those for industrial activities have relatively high errors (up to 40%). The errors could be attributed to a number of factors, such as uncertainties and inaccuracies that exist in the processes of data collection, conversion, and analysis.
A series of sensitivity analyses was undertaken to examine the system's responses to variations of input parameters and/or their combinations. To quantify the sensitivity analyses, a concept of sensitivity degree is defined as follows:
where t is time; Q t denotes system state at time t; X t represents system parameter that affect the system state at time t; S Q is sensitivity degree of state Q to parameter X; and Q t and X t denote increments of state Q and parameter X at time t, respectively. For n state variables Q 1 , Q 2 , . . . , Q n , the general sensitivity degree of a parameter at time t can be defined as follows:
where n denotes a number of state variables; S Q i is sensitivity degree of state Q i ; and S is general sensitivity degree of the n states to parameter X. For the study system, 19 variables are identified for representing system states of population growth, industrial development, and water pollution, and 27 parameters are analyzed to examine their impacts on the system states. To examine sensitivity degree of each state variable, each parameter is increased (or decreased) by 10% per 4 years for the study horizon of 1994-2010. Based on Equation (1), four sensitivity degree values can be obtained for each parameter-variable pair. Their average represents the general sensitivity degree of the parameter to the variable. Further, according to Equation (2), an average for all 19 state variables can be calculated for each parameter, representing the general sensitivity degree of the 19 system states to the parameter. Table 2 shows results of the sensitivity degree analyses. It is indicated that the study system responds to most of the parameters with low degree of sensitivity. This fact demonstrates that the developed ErhaiSD model can undertake effective prediction of the system's behaviours.
Decision alternatives
The base run
The model is run for a period of 15 years with 1996 being considered as the starting year for generating decision alternatives. The base run simulates the system's future using the existing economic development pattern and environmental management policy. A brief introduction to the base run results is given as follows. 
Population
Based on results from the base run, total population of the basin will be increased by 14% (from 801Ð9ð10 3 in 1996 to 913Ð9ð10 3 in 2010). Among them, non-agricultural population will be increased by 38Ð5% (from 183Ð3ð10 3 in 1996 to 253Ð8ð10 3 in 2010), and agricultural population will be increased by 7% (from 604Ð9ð10 3 in 1996 to 646Ð4ð10 3 in 2010). The increasing non-agricultural population demonstrates an increasing movement of agricultural population to urban areas. This basin-wide population increase may lead to both increased economic outputs and environmental pressure.
Economy
The industrial fixed assets in the basin will increase from US$ 95 million in 1996 to US$ 171 million dollars in 2010; the gross industrial output value will increase from 168Ð8 million dollars to 332Ð5 million dollars in 2010. Although the majority of the basin's population is involved in agricultural activities, industrial sectors contribute the most to the regional economy. Among 
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Pollution
The base run results indicate that economic development may lead to increased pollutant emission into the environment. During 1996-2010, the COD emission amount will be increased by 45%. The following are suggestions for water pollution abatement: ž for industrial districts around Xiaguan area, a collection system should be developed to delivery wastewater to central wastewater-treatment plants (WWTPs); ž for industries scattered in rural areas, where wastewater cannot be collected and treated in a central plant, individual control projects are required; ž domestic wastewater from urban areas should be collected and treated in central WWTPs.
Water quantity and quality
Water inputs and outputs of the lake are related to precipitation, evaporation, external systems' demands, and hydropower generation. The base-run result indicates that, by year 2000, the lake's water volume will be reduced to 1Ð9 billion m 3 with a water level of 1970Ð24 m; by year 2010, the volume will drop to 0Ð8 billion m 3 with a water level of 1965Ð72 m. This water volume reduction will lead to significant ecological and environmental problems in the basin. Therefore, it is required that the lake's water level be controlled through effective management of water supply for power generation and demands from external systems.
In this study, N and P concentrations are used for assessing eutrophication levels in Lake Erhai, and COD concentration is the main indicator of pollution in the Xier River. As to water quality of Lake Erhai, it was predicted that, during 1996 to 2010, N and P concentrations will be increased by 2Ð9 and 3Ð0 times, respectively, if the existing pattern of human activities continues. Therefore, the lake eutrophication problem will become more serious in the base run.
Simulation for additional decision alternatives
Besides the base run, three additional decision alternatives were examined through the developed ErhaiSD model. They were provided by the local authorities based on the previous planning study (Wu et al., 1997) . Among them, alternative 1 offers a balance between environmental and economic objectives; alternative 2 is suitable for situations when industrial development is emphasized, which may lead to increased economic return as well as increased risk of water pollution; alternative 3 emphasizes on industrial water pollution control with the cost of reduced economic return. The decision variables under consideration include: (1) tourist population; (2) industrial development; (3) cropping areas; and (4) net-cage fish culture. These variables were input to the ErhaiSD model for predicting the social, economic, and environmental consequences and implications of implementing the three alternatives. Table 3 presents simulation results for selected variables related to industrial activities (PIOT, ISWT, ICODT, and WPI). It is indicated that the highest gross industrial output will be achieved through implementing alternative 2, followed by alternatives 1 and 3. At the same time, alternative 2 will lead to the highest risk of water pollution, with the largest emission amounts of industrial wastewater, domestic sewage, industrial COD, and domestic COD, as well as the highest volume of the water pollution index. For agriculture, the total dissolved nitrogen and phosphorus amounts in backflowing irrigation water are relatively high in alternative 3, followed by alternatives 1 and 2 (Table 4) .
This situation implies a trade-off between environmental protection and economic development. In general, alternative 2 emphasizes on economic return from industrial sectors, under an optimistic estimation of the system's environmental conditions. Although promotion of industrial development is associated with increased risk of water pollution in the Xier River, the resulting increase in economic return will in turn provide necessary funding for supporting development of effective wastewater treatment systems and thus mitigating the pollution problem. Meanwhile, the enhanced industrial activities in alternative 2 will not contribute significantly to lake eutrophication. Therefore, when economic objectives are emphasized, this alternative would be potentially feasible for practical implementation. Alternative 1 provides a balance between economic and environmental considerations. The overall economic return under this alternative is not significantly lower than that under alternative 2, while improved environmental quality can be obtained. In alternative 3, since industrial development is limited, agricultural activities would be promoted as a balance. The consequence is that the expanded cropping area would lead to increased N, P emissions and soil losses. It is thus demonstrated that strict control of industrial pollution is not sufficient enough for achieving the desired environmental objectives.
Water-quality management in Lake Erhai and the Xier River
In the Lake Erhai Basin, the majority of industrial wastewater is discharged to the Xier River, while Lake Erhai receives most of the nutrient pollutants (N, P) generated all over the basin, potentially leading to eutrophication problems in the lake. In addition, the amount of precipitation and runoff in the basin are closely related to water quality of the lake. Three potential precipitation scenarios corresponding to dry, normal, and wet seasons are considered. The normal season corresponds to average precipitation condition, and the dry and wet ones are for periods with the least and most precipitation amounts.
Water quality in Lake Erhai
Water quality in the lake is mainly affected by nutrient pollutants (N and P) discharged from various sources. Among them, source regarding to runoffs from farmlands and mountains are the main contributors, accounting for about 66% and 57%, respectively, of the total N and P loading in the basin (1998 data). Therefore, effective control of them is crucial for water-quality protection in the lake. One of the main measures is to increase forest coverage in the basin. All the three alternatives assume gradual increase of forest coverage in the planning horizon.
The simulation results indicate that nitrogen and phosphorus losses will decrease spatially and temporally, along with the increasing forest coverage. A detailed dynamic analysis is conducted for alternative 1 under different precipitation conditions, with the results presented in Table 5 . These tables also contain simulated N and P concentrations in the lake. It is indicated that increased precipitation will lead to more surface runoff, soil erosion, and in-lake turbulence, which will then bring or release (from sediment) more nutrients into the lake water. This is the reason why the lake's water quality is worse in wet season. However, in a summer dry season, intense sunlight and high temperature could easily lead to lake eutrophication even if other chemical and physical conditions are not changed. This happened in August and September 1996 when a number of indicators reached their extreme values, causing serious environmental and economic impacts. The following are details of water quality in that period: ž pHD8Ð61 (the highest in the last 10 years); ž suspended solids (SS)D0Ð6 mg/l (the lowest in the last 10 years); ž DO D 7Ð27 mg/l (the highest in the last 10 years); ž COD D 1Ð48 mg/l (the highest in the last 10 years); ž total PD0Ð21 mg/l (the lowest in the last 10 years); ž algaeD1Ð76ð10 6 l 1 (the highest in the last 10 years); ž average temperature in August D 23Ð2°C
(the highest in the last 10 years); ž average temperature in SeptemberD21Ð8°C
(the highest in the last 10 years).
This information suggests that eutrophication in the lake is related to not only nutrient concentrations but also many other factors. High temperature, low inflow (runoff to the lake during August and September is only about 60% of that in 1995), and low SS concentration indicate that the lake was extremely stable during that period, leading to strong thermal stratification and weak dispersion capability. These conditions were potentially responsible for the eutrophication problem. Table 6 presents water quality in the Xier River under different precipitation conditions. It is indicated that COD concentration in the river could be reduced by 50% through development of regional wastewater treatment systems. The table also provides comparisons of COD concentrations (before and after treatment processes) under different alternatives. If wastewater is directly discharged to the Xier River without any treatment, the worst water quality will be found in alternative 2, followed by alternatives 1 and 3. If wastewater is treated before discharged, the best water quality will be obtained with alternative 3 due to its low COD loading to the river. Table 6A -C also show the impacts of precipitation on water quality in the Xier River. The COD concentrations in dry seasons will be higher than those in the normal and wet seasons.
Water quality in the Xier River
Conclusions
In this study, an environmental system dynamics model (ErhaiSD) is developed for environmental planning and management in the Lake Erhai Basin, China. Interactions among a number of system components within a time frame of 15 years are examined dynamically. Four planning alternatives are considered. The base run is based on an assumption that the existing pattern of human activities will prevail in the entire planning horizon, and the other alternatives are based on previous planning studies. The contributions of various nonpoint pollution sources to the lake's eutrophication problems, and the effects of industrial activities and wastewater treatment processes on pollution problems in the Xier River are analyzed through the developed modeling system. The model also simulates the economic and environmental implications of different alternatives to the system's environmental and socio-economic objectives. ErhaiSD can also be used for simulate the impacts of climate change and variability. 
